Abstract Estimation of design storm rain depths of probable maximum precipitation (PMP) magnitudes over different zones of the Krishna basin, India, was attempted by using daily rainfall data of about 570 raingauge stations in and around the basin for a 102-year period . By considering the geographical location, orographic features and rainfall characteristics, the entire basin was divided into nine zones. Analysis of severe rainstorms over each zone was carried out and envelope rain depths (standard project storm, SPS, rain depths) over each zone were estimated. These SPS rain depths were then adjusted with moisture maximization factors (MMFs) of respective severe rainstorms to work out the PMP design rain depths. On the basis of available hourly data, average time distribution was also calculated. The study was carried out with the aim of estimating the requisite standard projects storms and probable maximum storms or PMP depths to derive the corresponding design flood estimates. This may serve as a convenient tool for design engineers, in the estimation of design storm rain depths for different sub-basins and the entire Krishna basin while constructing any hydraulic structure connected with irrigation, hydropower generation and flood control in the homogeneous region of the basin.
INTRODUCTION
Design storm studies are carried out to estimate the highest rain depth magnitudes in the form of standard project storms (SPS) and probable maximum precipitation (PMP) from the analysis of severe rainstorms, and to provide the time distribution for planning and design of hydraulic structures in major water resources projects for which no risks can be taken. In India, many studies are available regarding rainfall analysis over different regions of the country and over a few river basins up to certain dam sites only (Dhar et al., 1991; Kulkarni et al., 2005) . However, detailed studies over an entire river basin and its different sub-basins/zones are lacking. Such studies are essential for planning and design of water resources projects which are connected with irrigation, water conservation and supply, hydropower generation, etc., particularly in the basin under study.
There are two major methods to obtain PMP: statistical estimation and by the meteorological (physical) method. The statistical procedure for estimating PMP is normally used whenever sufficient rainfall data are available, and is particularly useful for making quick estimates, or where other meteorological data, such as dew point, wind records, etc. are lacking. In many countries, the meteorological method is preferred, and this contains three steps: (a) maximization of storm data; (b) storm transposition; and (c) establishing the relationship among depth, area and duration. In short, the physical approach for estimating PMP over a river basin takes into consideration the physiographic conditions of the terrain, catchment characteristics and the moisture-holding capacity of the atmosphere during the movement of the particular weather system. Thus, in the present study, storm rainfall has been maximized to obtain PMP by using the following equation:
where P actual is actual measured rainfall; W max is the humidity of maximum dew-point temperature; and W actual is the humidity of dew-point temperature at the rainstorm area.
Thus, PMP analysis by the physical method includes comprehensive evaluations of extreme rainfall events, including storm analyses, storm maximization, storm transposition and storm aspect ratio and orientation evaluations. For this, all extreme rainfall storm events that have occurred over meteorologically and geographically similar regions are studied. However, the techniques used to estimate PMP design rain depths depend on the rainfall data available and may vary with catchment size and location, as well as with the meteorological conditions responsible for causing extreme rainfall over the catchments of interest.
OBJECTIVES
A large number of water resources projects have been carried out at different locations in the Krishna basin to store the volume of water that accumulates during the southwest monsoon months of JuneSeptember for use in hydropower generation and for irrigation needs. The spillway capacities of most of the existing dams/reservoirs were based on the then available techniques, and there is a great concern among water resources managers, such as the Central Water Commission (CWC), New Delhi, to revise the PMP design rain depths based on the latest techniques using all the available data. The objectives of this study are:
-to evaluate PMP from historical heavy rainstorm data from 1901 to 2002 by using meteorological methods; -to obtain the depth-area-duration relationship of maximum precipitation; and -to work out grid-point PMP along with the contribution of each transposed storm applied across a grid that covers the entire Krishna basin.
PHYSIOGRAPHIC FEATURES OF THE KRISHNA BASIN
The Krishna River and its tributaries form an important integrated drainage system in the central portion of the Indian Peninsula. The Krishna River rises near Mahabaleshwar at 1360 m a.s.l. in the Western Ghats (Rao, 1975) . After flowing eastwards from its origin for about 1400 km, it falls into the Bay of Bengal near Masullipatnam (Fig. 1) . The drainage area of the entire basin is about 258 948.9 km 2 , of which 26.8% lies in Maharashtra, 43.8% in Karnataka and 29.4% in Andhra Pradesh. As per the Khosla (1949) classification, the entire basin has been divided into five sub-catchments (nos 306 to 310). However, in the present study, by considering the orography, geographic location and rainfall characteristics, the entire basin has been divided into nine zones (see Fig. 1 ). Details of the nine zones and area covered under each zone are given in Table 1 .
CLIMATOLOGICAL FEATURES OF THE KRISHNA BASIN
The Krishna basin is bounded on the west by the Western Ghats Mountains which exert a profound influence on rainfall over the basin. The southwest monsoon normally advances over the Krishna basin and adjoining areas by around the first week of June and establishes firmly over the entire basin by the end
of June. It withdraws from this region in the second week of October. During the four monsoon months of June-September, different low-pressure systems, such as depressions and cyclonic storms originating in the Bay of Bengal, after crossing the Indian coast and moving in a westerly to northwesterly direction, generally cause heavy rainfall over the basin. On the basis of daily rainfall data from 321 stations within the Krishna basin, the mean annual rainfall over the entire basin has been calculated as being of the order of 90 cm; 74% of this falls during the southwest monsoon season. On average, about 25% of the annual rainfall is received during July alone.
DATA USED

Rainfall
Daily rainfall data of about 570 stations in and around the Krishna basin (see Fig. 2 of Karnataka, Bangalore; (d) the National Climate Data Centre (NCDC), NOAA, USA; and (e) the Water Resources Division, Maharashtra, India.
Self Recording Raingauge (SRRG) data
Hourly rainfall data of 16 SRRG stations (see Fig. 2 ) from their available records for 1969 onwards were procured from NDC and IMD Pune, and used for time distribution analysis.
Dew-point temperature
Dew-point temperature data at 35 selected stations were collected from the Indian Daily Weather Report (IDWR), IMD Pune, for computation of the moisture maximization factor (MMF) of severe rainstorms.
METHODOLOGY
The determination of design storms involves comprehensive analyses of both synoptic extreme rainfall systems and smaller-scale Mesoscale Convective Complexes extreme rainfall storms. Thus the PMP study identifies significant extreme rainfall storm events. Considering the orography, nature and size of the Krishna basin, its sub-basins/zones, the amount of data available and its suitability, the PMP depths were estimated by the following three methods of rainstorm analysis:
-the depth-duration (DD) method; -the depth-area-duration (DAD) method; and -the storm transposition (ST) technique
The above methods are well documented in various publications (cf. Wiesner, 1970; IMD, 1972; WMO, 1986) . A brief description of these methods is given below.
Depth-duration (DD) method
In this method, the catchment is considered as a unit of study. All the heaviest rain spells (severe rainstorms) experienced by a basin over a long period of time are extracted and then analysed for different durations in order to obtain average maximum basin rain depths. The maximum rain depths thus obtained are plotted as DD curves and the highest rain depths are determined from the envelope curves. The envelope of all the rain depths, which is referred to as the design rain depth or standard project storm (SPS), is then determined for different durations. This method is normally used when daily rainfall data for a good network of stations are available for a sufficiently long period of years. The method is most suitable for the estimation of design rain depths over catchments located in mountainous regions or orographically influenced regions and also near coastal regions.
Depth-area-duration (DAD) method
Normally, the depth-area-duration (DAD) method is applied to those river basins whose boundaries are regular and smooth, but in many basins these conditions are not met. In this method of rainstorm analysis, the rainstorm is considered as a unit of study. The analysis is carried out to determine the highest precipitation amounts experienced over various size areas and durations in the rainstorm period. For each rainstorm, the area enclosed by the peripheral isohyet of the rainstorm is considered. The rainstorms to be analysed by the DAD method are first determined by adding together the rainfall data of all the stations in the area affected by the rainstorm. The day with the highest total rainfall is considered as the maximum 1-day, the consecutive two days with the highest total rainfall is the maximum 2-day interval and so on. In this way, the maximum 1-day, 2-day and 3-day, etc., durations of the rainstorm are identified.
The rainfall values for different durations are then used to draw isolines at suitable intervals. A geographic information system (GIS) technique using the inverse-distance weighted method was used to measure the area bounded by each isoline. This method gives due consideration to the orientation of the topography of the region.
The average rain depths thus obtained are plotted against the accumulated area and a smooth envelope curve is drawn. The starting point is taken to be the central value of the rainstorm. The enveloping curve is known as the DAD curve of the rainstorm. Such DAD curves are plotted for all the severe rainstorms of different durations, separately. From these DAD curves the rainfall depth values are picked out for standard areas, such as 100, 300, 500, 1000, 2000, 5000, ……., 50 000 km 2 , for different durations. These values give the average rain depths over standard size areas measured outwards from the rainstorm centre. Such rain depths are used by design engineers to calculate unit hydrographs when constructing any hydraulic structure connected with irrigation, hydropower generation and flood control in the homogeneous region of the basin.
Storm transposition (ST) technique
The main purpose of rainstorm transposition is to increase the rainstorm experience of a basin by considering not only the rainstorms that have occurred over and near the basin in the past, but also those rainstorms which have resulted in heavy rainfall on adjacent areas that are meteorologically homogeneous. By using this technique, the historical rainstorms of the surrounding homogeneous regions are moved over the problem basin. The following minimum meteorological conditions for transposition need to be taken into account when transposing severe rainstorms over a problem basin:
-the inflow direction of storms crossing the area should not vary excessively; -the air mass characteristics should be reasonably matching; -the area under consideration should be small enough that variation in latitude of storms tracks does not affect the distribution within the zone; and -the combination of rain producing mechanisms and associated synoptic situations should be the same.
The rainstorm transposition technique is generally applied to areas or basins which have a markedly irregular shape or peculiar orientation. Therefore, the following corrections need to be undertaken before applying this technique.
Barrier correction In addition to the general decrease in rainfall with distance, an adjustment is required when there is a barrier or mountain range in the path of moist air being fed into the storm area. This is because the mountain range blocks off a certain fraction of the moist inflow into the storm area. The usual method (WMO, 1969) of allowing for the effect of a barrier is to reduce the rainfall value by the ratio of the precipitable water in a column of air above the height of the barrier to the total precipitable water extending to ground level on the windward side of the barrier, i.e.:
where R 1 is the adjusted rainfall value behind a barrier; R is the rainfall value not behind a barrier; W 1 is
the precipitable water in a saturated pseudo-adiabatic atmosphere from the ground to a height corresponding to maximum surface dew point at the location of the storm; and W 2 is the precipitable water in a saturated pseudo-adiabatic atmosphere from the top of the barrier to the same height.
Topography adjustment An adjustment of rainfall over a basin is necessary because of the presence of the topography. The orographic adjustment guidelines are given by WMO (1986) as: -no change in rainfall for elevations up to 300 m; -increase the rainfall by 10% per 300 m of ascent above 300 m for the first upslope; and -in lee-side areas decrease the rainfall by 5% per 300 m of descent to the bottom of the valley.
Limits of transposition
Fixing limits to rainstorms for their transposition is one of the most important aspects in a design storm study. The following factors for determining the areal limits of transposition were suggested by WMO (1970):
-moisture source and barrier to moisture inflow for the rainstorm in situ; -accessibility to rainstorm moisture source and relative height of barrier to moisture inflow of other locations in the transposed zone; and -past occurrence of synoptic patterns similar to that of candidate rainstorms in features such as atmospheric moisture content and stability, wind direction and speed at surface and at higher levels, duration of pattern intensity, direction and speed of movement of low pressure centres at surface and higher level, etc.
As per WMO (1986) , transposition of a rainstorm is considered in 2° lat. × 2° long. grid cells over a study area located mainly in a plain region. The WMO recommends a coarse grid (depending upon topography) over flat areas and a fine one over the less flat areas.
ANALYSIS OF SEVERE RAINSTORMS
A rainstorm is defined as a spatial distribution of rainfall-yielding average depths of precipitation, which equal or exceed a certain specified threshold value over a river basin, in association with any meteorological phenomena. Considering the rainfall characteristics of the Krishna basin, a threshold value of about 10% of seasonal normal rainfall of each zone was considered for selection of severe rainstorms. Figure 3 shows the decadal distribution of the severe rainstorms that affected the Krishna basin during 1901-2002. The monthly frequency distribution of these severe rainstorms is shown in Fig. 4 .
It is seen from Figs 3 and 4 that the maximum number of severe rainstorms occurred during the 1941-1950 decade, whereas the occurrence of severe rainstorms is most frequent in the monsoon month of July. Examination of daily rainfall data also revealed that zones I, II, III, IV and VIII experienced the maximum number of severe rainstorms, compared to zones V, VI and VII. From these, the five most severe rainstorms were selected for further analysis. Analysis of all the selected severe rainstorms over the different zones of the Krishna basin was carried out by either the DD or DAD method (see Methodology Section), taking into consideration the orography and geographical location of each 1901-1910 1911-1920 1921-1930 1931-1940 1941-1950 1951-1960 1961-1970 1971-1980 1981-1990 1991-2000 Decades Frequency of severe rainstorms Fig. 4 Monthly frequency distribution of severe rainstorms. zone. The envelope average rain depths (SPS) over each of the zones I-VIII are given in Table 2 . It is seen from this Table that the 4-6 August 1914 rainstorm contributed the highest areal average rain depths over zones III-IV. The 3-day isohyetal pattern of the 4-6 August 1914 rainstorm over these two zones is shown in Fig. 5 . Dew-point data of about 35 stations in the moisture inflow path were collected during the severe rainstorms period to estimate the maximum moisture available during this period. Maximum moisture that could occur at the same time and location as the rainstorm on the basis of long-period dew-point data has been generated from the generalized maps prepared by Lal et al. (2000) . The MMFs of severe rainstorms which contributed SPS rain depths for zones I-VIII were estimated and are given in Table 2 .
DAD analysis of severe rainstorm over Zone IX
Severe rainstorms that occurred over and near Zone IX, located over a plain region, during 1901-2002 were analysed by the DAD method, considering the rainstorm as a unit of study. The analysis revealed that the following nine severe rainstorms occurred From the DAD analysis of the above rainstorms it was found that the rainstorms of September 1949 , September 1964 and July 1965 were the three most severe rainstorms that occurred over the region and contributed greater rain depths for different size areas and durations. The DAD statistics of these rainstorms are given in Table 3 . These three severe rainstorms were transposed over Zone IX in order to obtain the highest rain depths (SPS) over this zone and the results are given in Table 4 . Figure 6 shows the isohyetal pattern of 20 September 1964 (1-day) in situ and the transposed isohyetal pattern of September 1964 over Zone IX is shown in Fig. 7 . The MMFs of respective severe rainstorms were then adjusted with SPS rain depths to obtain PMP design rain depths by the physical method and the results are given in Table 4 .
TIME DISTRIBUTION ANALYSIS
The time distribution of PMP design rain depths of 1-, 2-, 3-day duration over different, shorter intervals is required by the design engineers to compute probable maximum floods (PMF). Therefore, breaking down design storm rain depths into smaller intervals (e.g. 3, 6, 9, 12 h) specifies how the rainfall is distributed over successive shorter time intervals. Hourly rainfall data of 16 SRRG stations (see Fig. 2 ) were used for the time distribution analysis of the Krishna basin. On the basis of this, heavy rain spells were selected at each of the 16 stations and the heaviest rainfall for different time intervals was estimated. The envelope average time distribution values thus obtained are given in Table 5 .
GRID-POINT MAXIMIZATION
The severe rainstorms within each zone were considered for grid-point maximization. A grid system was constructed on a suitable base map of the study basin. For all the severe rain spells, gridded average rainfall series were prepared based on the severe rainstorms analysed. For the computation of PMP estimates in each grid cell, envelope rain depths contributed by severe rainstorms were subjected to moisture maximization factor (MMF) at their original locations. The MMFs thus obtained are applicable uniformly for all areas and durations of the storm rainfall. Envelopegridded average rain depths over a grid cell then multiplied by the corresponding MMF yielded the maximized gridded average rain depths over that particular grid cell. Over Zone IX, severe rainstorms were transposed to have envelope average rain depths which were then used for computation of PMP following the above procedure. Figure 8 shows the 1-day PMP at different grid cells over the Krishna basin.
SUMMARY AND CONCLUSIONS
(1) For the estimation of PMP, the Krishna basin in Peninsular India was divided into nine homogeneous zones. (2) Depth-duration analysis of severe rainstorms was carried out over zones I-VIII, these zones having either an orographic influence or being located near the coast. Envelope rain depths (SPS) over each zone were maximized with respective MMFs of severe rainstorms to obtain PMP design rain depths. The PMP design rain depths for zones I-VIII ranged between 10.3-30.2, 11.3-26.3, and 13.0-34.7 cm, for 1-, 2-and 3-day duration, respectively. The highest PMP design rain depths were found to be over Zone IV (i.e. Krishna up to Almatti) and the lowest over Zone VII (i.e. Vedavati up to the confluence with Tungabhadra, being located in the rain shadow region). (3) Over Zone IX, located over the plain area of the basin, severe rainstorms were analysed by the DAD method. The storms of September 1949, September 1964 and July 1965 were found to be the most severe rainstorms. The PMP design rain depths estimated over Zone IX were of the order of 11.9, 19.0 and 21.8 cm for 1-, 2-and 3-day duration, respectively.
The PMP design rain depths over different zones, and the time distribution analysis using hourly rainfall data detailed in this study will be useful for planning, management and design of water resources projects over the basin.
